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Points to the address in the long range plan:

1. Unique physics of heavy quarks and quarkonia in media.

2. Current and future measurements.

3. The relative roles of RHIC and the LHC.

Talk discusses Slow Quarks, Faster Quarks, and Quarkonia



Slow Quarks



Measuring transport properties QGP with slow heavy quarks

• Brownian Motion

M
d2x

dt2
= −η︸︷︷︸

Drag

ẋ+ ξ
︸︷︷︸

RandomForce

• The strength of the noise records the force-force correlation function in plasma

κ =

∫
dt 〈ξ(t)ξ(0)〉 =

∫
dt 〈F (t)F (0)〉

• Measures timelike correlations chromo-electric field correlators in plasma

κ =

∫
dt
〈
Ea(t)W ab(t, 0)Eb(0)

〉

• Often expressed in terms of the diffusion coefficients of plasma

D =
2T 2

κ
Independent of mass∼ 1 if strongly coupled



The old idea – extracting the diffusion coefficient:
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rhic charm quark spectra modifcation and elliptic flow 

• Range of diffusion coefficients is still applicable today:

D ' (3− 6)/(2πT )

• All simulations of charm have to generalize Langevin to mildly relativistic quarks



Current implementation compared to low pT measurements at RHIC and LHC

• Measure reconstructed D → Kπ at low pT

• (Subatech, Duke, TAMU, Torino, POWLANG) are Langevin based 0 < pT <∼ 6
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FIG. 3: (Color online) Panels (a)(b): D0 RAA for peripheral
40−80% and semi-central 10−40% collisions; Panel (c): D0

RAA for 0−10% most central events (blue circles) compared
with model calculations from the TAMU (solid curve), SUB-
ATECH (dashed curve), Torino (dot-dashed curve), Duke
(long-dashed and long-dot-dashed curves), and LANL groups
(filled band). The vertical lines and boxes around the data
points denote the statistical and systematic uncertainties.
The vertical bars around unity denote the overall normaliza-
tion uncertainties in the Au+Au and p+p data, respectively.
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FIG. 4: (Color online) Integrated D0 RAA as a function of
Npartin different pT regions: 0−8 GeV/c (square), 3−8 GeV/c
(circles) and 0.7−2.2 GeV/c (diamonds). Open symbols are
for the 0−80% MB events.

integrated yield in Au+Au collisions divided by the in-
tegration of the p+p reference as above scaled by the
number of binary collisions in the given pT region. Fig-
ure 4 shows the integrated D0 RAA as a function of Npart.
The red squares represent the integrated RAA over the
whole pT region, which agree with unity, indicating that
the charm production cross section scales with the num-
ber of binary collisions. This is consistent with charm
quarks originating predominantly from initial hard scat-
tering at RHIC. The integrated RAA above 3 GeV/c are
represented as black circles, and show a strong centrality
dependence. No suppression is seen in peripheral colli-

sions, but a clear suppression, at the level of ∼0.5, is
seen in central collisions. An enhancement is observed
from the RAA integrated over the intermediate pT region
0.7−2.2 GeV/c, shown as blue diamonds.

In summary, we report the first D0 production mea-
surement via D0 → K− + π+ decay at mid-rapidity in√

sNN= 200GeV Au+Au collisions. The charm produc-
tion cross sections at mid-rapidity per nucleon-nucleon
collision from p+p to Au+Au show a number-of-binary-
collision scaling, which supports that charm quarks are
mainly produced in the initial hard scatterings. The cen-
trality dependence of the pT distributions as well as the
nuclear modification factor show no suppression in pe-
ripheral collisions, but a strong suppression, at the level
of RAA ∼ 0.5, in the most central collisions for pT >
3 GeV/c. This is indicative of significant energy loss of
charm quarks in the hot dense medium. An enhance-
ment in the intermediate-pT region is also observed for
the first time in heavy-ion collisions for charmed mesons.
The D0 RAA is consistent with model calculations includ-
ing strong charm-medium interactions and hadronization
via coalescence at intermediate pT.
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LHCRHIC

langevin e-loss

For diffusion, want to measure at low pT .

Well developed codes exist.



Discussion of low pT results (Torino – Beraudo et al)
Andrea Beraudo / Nuclear Physics A 00 (2014) 1–8 6
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Figure 6. POWLANG predictions for the RAA and v2 of D mesons at RHIC and LHC energies compared to STAR [6] and ALICE [18] data. The
modeling of hadronization has a strong effect, the additional flow inherited from the light thermal partons leading to a closer agreement with the
data in the case of in-medium fragmentation. Also shown is the kinetic equilibrium limit.

was already mentioned how transport calculations including charm coalescence with light thermal partons succeed in
reproducing the STAR RAA. Here we wish to illustrate the effect of different hadronization models interfaced to the
same transport calculation in the QGP phase. For the latter we employed our POWLANG code. In Fig. 6 one can
see how, with standard in-vacuum fragmentation of c quarks, theory curves for D mesons are not able to reproduce
the peak in the RAA found by STAR and largely underpredict the v2 measured by ALICE. We have then developed the
following hadronization routine [2], based on the Lund string fragmentation model: at TFO c quarks are coupled to
light antiquarks q’s from a local thermal distribution, eventually boosted (uµfluid ! 0) to the lab frame; strings are then
formed and given to PYTHIA 6.4 to simulate their fragmentation and produce the final hadrons (D+π+ . . . ). One can
see how the additional radial and elliptic flow provided by the light thermal partons move theory results (continuous
curves) closer to the experimental points. The interpretation of the experimental results is then not conclusive. In
particular more data at low pT , so far out of reach, would be necessary at the LHC and would help to dissipate
ambiguities: this will become possible with the upgrade program of the ALICE detector.

While the above discussion was focused on the possibility for charm to approach kinetic equilibrium with the
plasma, assuming that c quarks are produced at the beginning and that their number is conserved during the limited
lifetime of the medium, people have recently started wondering whether a scenario of chemical equilibrium of charm
might be conceivable in the future. This is motivated both by the ongoing discussion on future experimental facilities
(like the FCC, reaching a center-of-mass energy √sNN =39 TeV [19]) and by recent lattice results on the contribution
of charm to the QCD thermodynamics [20]: the latter starts playing a non negligible role already for experimentally
accessible temperatures. However the question is whether, in the actual experimental situation, with an expanding
fireball with a limited lifetime ∼ 10 fm/c, c quarks have time to reach full thermal and chemical equilibrium with the
rest of the medium so to be considered part of the plasma on the same footing as light quarks. Such an issue was
addressed in [21], where the heavy quark chemical equilibration rate, starting from its perturbative result, was recast
in a form suited to l-QCD simulations:

Γchem =
g4CF

8πM2

(
2CF − Nc2 + Nf

) (TM
2π

) 3
2
e−M/T =

2πα2
sT 3

9M2

(
7
6
+ Nf

)
χc
χlight
, (9)

χi being the Quark Number Susceptibility of flavor i. Lattice results [22] lead then to the estimates Γ−1
chem ∼ 60 fm/c

for T ∼ 400 MeV and Γ−1
chem ∼ 10 fm/c for T ∼ 600 MeV, representing typical values of initial temperature at LHC

and (conceivable) FCC Pb-Pb collisions. These numbers have to be compared not only to the expected lifetime of
the produced fireball, but also to its expansion rate θ ≡ ∂µuµfluid. In Fig. 7 we display two snapshots of the ratio
Γchem/θ obtained with the ECHO-QGP [23] hydrodynamic code. Bearing in mind that the estimates are obtained
with the analytic perturbative result for Γchem, it looks that charm remains far from chemical equilibrium both at LHC
(e0 ∼ 100 GeV/fm3) and at possible FCC energies (e0 ∼ 250 GeV/fm3).
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RHIC LHC

1. The extracted diffusion coefficient:

D ' (3.5− 4.5)

2πT
⇐= error estimate from comparison of TAMU/Torino results

2. Approaching the hydrodynamic limit

3. Medium kick during hadronization process Hees,Greco,Rapp



Discussion of low pT results (Torino – Beraudo et al)
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Figure 6. POWLANG predictions for the RAA and v2 of D mesons at RHIC and LHC energies compared to STAR [6] and ALICE [18] data. The
modeling of hadronization has a strong effect, the additional flow inherited from the light thermal partons leading to a closer agreement with the
data in the case of in-medium fragmentation. Also shown is the kinetic equilibrium limit.

was already mentioned how transport calculations including charm coalescence with light thermal partons succeed in
reproducing the STAR RAA. Here we wish to illustrate the effect of different hadronization models interfaced to the
same transport calculation in the QGP phase. For the latter we employed our POWLANG code. In Fig. 6 one can
see how, with standard in-vacuum fragmentation of c quarks, theory curves for D mesons are not able to reproduce
the peak in the RAA found by STAR and largely underpredict the v2 measured by ALICE. We have then developed the
following hadronization routine [2], based on the Lund string fragmentation model: at TFO c quarks are coupled to
light antiquarks q’s from a local thermal distribution, eventually boosted (uµfluid ! 0) to the lab frame; strings are then
formed and given to PYTHIA 6.4 to simulate their fragmentation and produce the final hadrons (D+π+ . . . ). One can
see how the additional radial and elliptic flow provided by the light thermal partons move theory results (continuous
curves) closer to the experimental points. The interpretation of the experimental results is then not conclusive. In
particular more data at low pT , so far out of reach, would be necessary at the LHC and would help to dissipate
ambiguities: this will become possible with the upgrade program of the ALICE detector.

While the above discussion was focused on the possibility for charm to approach kinetic equilibrium with the
plasma, assuming that c quarks are produced at the beginning and that their number is conserved during the limited
lifetime of the medium, people have recently started wondering whether a scenario of chemical equilibrium of charm
might be conceivable in the future. This is motivated both by the ongoing discussion on future experimental facilities
(like the FCC, reaching a center-of-mass energy √sNN =39 TeV [19]) and by recent lattice results on the contribution
of charm to the QCD thermodynamics [20]: the latter starts playing a non negligible role already for experimentally
accessible temperatures. However the question is whether, in the actual experimental situation, with an expanding
fireball with a limited lifetime ∼ 10 fm/c, c quarks have time to reach full thermal and chemical equilibrium with the
rest of the medium so to be considered part of the plasma on the same footing as light quarks. Such an issue was
addressed in [21], where the heavy quark chemical equilibration rate, starting from its perturbative result, was recast
in a form suited to l-QCD simulations:

Γchem =
g4CF

8πM2

(
2CF − Nc2 + Nf

) (TM
2π

) 3
2
e−M/T =

2πα2
sT 3

9M2

(
7
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)
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, (9)

χi being the Quark Number Susceptibility of flavor i. Lattice results [22] lead then to the estimates Γ−1
chem ∼ 60 fm/c

for T ∼ 400 MeV and Γ−1
chem ∼ 10 fm/c for T ∼ 600 MeV, representing typical values of initial temperature at LHC

and (conceivable) FCC Pb-Pb collisions. These numbers have to be compared not only to the expected lifetime of
the produced fireball, but also to its expansion rate θ ≡ ∂µuµfluid. In Fig. 7 we display two snapshots of the ratio
Γchem/θ obtained with the ECHO-QGP [23] hydrodynamic code. Bearing in mind that the estimates are obtained
with the analytic perturbative result for Γchem, it looks that charm remains far from chemical equilibrium both at LHC
(e0 ∼ 100 GeV/fm3) and at possible FCC energies (e0 ∼ 250 GeV/fm3).

6

RHIC LHC

Hydro

Hydro

1. The extracted diffusion coefficient:

D ' (3.5− 4.5)

2πT
⇐= error estimate from comparison of TAMU/Torino results

2. Approaching the hydrodynamic limit

3. Medium kick during hadronization process Hees,Greco,Rapp
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Figure 6. POWLANG predictions for the RAA and v2 of D mesons at RHIC and LHC energies compared to STAR [6] and ALICE [18] data. The
modeling of hadronization has a strong effect, the additional flow inherited from the light thermal partons leading to a closer agreement with the
data in the case of in-medium fragmentation. Also shown is the kinetic equilibrium limit.

was already mentioned how transport calculations including charm coalescence with light thermal partons succeed in
reproducing the STAR RAA. Here we wish to illustrate the effect of different hadronization models interfaced to the
same transport calculation in the QGP phase. For the latter we employed our POWLANG code. In Fig. 6 one can
see how, with standard in-vacuum fragmentation of c quarks, theory curves for D mesons are not able to reproduce
the peak in the RAA found by STAR and largely underpredict the v2 measured by ALICE. We have then developed the
following hadronization routine [2], based on the Lund string fragmentation model: at TFO c quarks are coupled to
light antiquarks q’s from a local thermal distribution, eventually boosted (uµfluid ! 0) to the lab frame; strings are then
formed and given to PYTHIA 6.4 to simulate their fragmentation and produce the final hadrons (D+π+ . . . ). One can
see how the additional radial and elliptic flow provided by the light thermal partons move theory results (continuous
curves) closer to the experimental points. The interpretation of the experimental results is then not conclusive. In
particular more data at low pT , so far out of reach, would be necessary at the LHC and would help to dissipate
ambiguities: this will become possible with the upgrade program of the ALICE detector.

While the above discussion was focused on the possibility for charm to approach kinetic equilibrium with the
plasma, assuming that c quarks are produced at the beginning and that their number is conserved during the limited
lifetime of the medium, people have recently started wondering whether a scenario of chemical equilibrium of charm
might be conceivable in the future. This is motivated both by the ongoing discussion on future experimental facilities
(like the FCC, reaching a center-of-mass energy √sNN =39 TeV [19]) and by recent lattice results on the contribution
of charm to the QCD thermodynamics [20]: the latter starts playing a non negligible role already for experimentally
accessible temperatures. However the question is whether, in the actual experimental situation, with an expanding
fireball with a limited lifetime ∼ 10 fm/c, c quarks have time to reach full thermal and chemical equilibrium with the
rest of the medium so to be considered part of the plasma on the same footing as light quarks. Such an issue was
addressed in [21], where the heavy quark chemical equilibration rate, starting from its perturbative result, was recast
in a form suited to l-QCD simulations:

Γchem =
g4CF

8πM2

(
2CF − Nc2 + Nf

) (TM
2π

) 3
2
e−M/T =

2πα2
sT 3

9M2

(
7
6
+ Nf

)
χc
χlight
, (9)

χi being the Quark Number Susceptibility of flavor i. Lattice results [22] lead then to the estimates Γ−1
chem ∼ 60 fm/c

for T ∼ 400 MeV and Γ−1
chem ∼ 10 fm/c for T ∼ 600 MeV, representing typical values of initial temperature at LHC

and (conceivable) FCC Pb-Pb collisions. These numbers have to be compared not only to the expected lifetime of
the produced fireball, but also to its expansion rate θ ≡ ∂µuµfluid. In Fig. 7 we display two snapshots of the ratio
Γchem/θ obtained with the ECHO-QGP [23] hydrodynamic code. Bearing in mind that the estimates are obtained
with the analytic perturbative result for Γchem, it looks that charm remains far from chemical equilibrium both at LHC
(e0 ∼ 100 GeV/fm3) and at possible FCC energies (e0 ∼ 250 GeV/fm3).
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hadronization kick kick

1. The extracted diffusion coefficient:

D ' (3.5− 4.5)

2πT
⇐= error estimate from comparison of TAMU/Torino results

2. Approaching the hydrodynamic limit

3. Medium kick during hadronization process Hees,Greco,Rapp



Lattice estimate of diffusion from electric field correlators: Francis, Laine, Kaczmarek, Muller, Neuhaus, Ohno

G(τ)︸ ︷︷ ︸
Lattice correlator

=

∫ ∞

0

dω

2π
ρEE(ω)︸ ︷︷ ︸

our force-force correlator

cosh(ω(τ − β/2))

sinh(ωβ/2)
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A*NNLO+B*ω3

κ ω/2T
NNLO

NLO

Continuum Extrap

euclid time

transport at 
low frequency

Informed model
for high frequency

Clearly visible low frequency contribution in euclidean correlator:

D =
2T 2

κ
= (5± 1)

1

(2πT )



Important upcoming Heavy Flavor Measurements & Quarkonia

SPHENIX

14 1615 18 19 20 21

ALICE Upgrade

Phenix VTX Beam energy 

scanStar HFT,MTD

The VTX – study heavy flavor dynamics 

09/15/2014 11 Lijuan Ruan (BNL), Long Range Plan Meeting at Temple 

RAA: muon from charm and bottom decay, separately with FVTX. 
 
RAA: electron from charm and bottom decay, separately with VTX. 

The HFT – study heavy flavor dynamics 

09/15/2014 12 Lijuan Ruan (BNL), Long Range Plan Meeting at Temple 

RCP, v2, baryon/meson ratios to understand 
heavy quark dynamics in the medium: 
heavy quark transport coefficients, thermalization 
with medium, energy loss mechanism. 

 
 

HFT CDR   

PHENIX-14 RAA STAR-16  flow

09/15/2014 Lijuan Ruan (BNL), Long Range Plan Meeting at Temple 14 

LHC for 2020+ 

ALICE, CERN-LHCC-2013-024 
Precise charm and 
bottom RAA and v2 

measurements  
down to very low pT 

at ALICE. 
 
Critical to constrain 
the recombination 
contribution to 
quarkonia. 
 

ALICE-20 flow



Why are these upgrades are important?

• Test energy loss and the Langevin process giving confidence in theory error bar

– System size

– Mass dependence

• What is the charm v2, v3, v4 and the light hadron v2, v3, v4 vs. centrality

– Diffusion damps the higher harmonics in a characteristic way, determining

DHQ vs. η/(e+ P )

Have complete theoretical codes predicting full phase space for these diffusion rates



Faster Quarks



Heavy quarks at higher momenta:

• Heavy flavor is a tool to test QCD energy loss models:

1. Color charge

2. Relative roles of collisional and radiative loss

3. Mass dependence changes the formation time, providing a unique fingerprint

of Landau-Pomeranchuk-Migdal radiative loss

τform ≡
1

ω(1− β cos θ)

• Want to measure the transition from low to high momentum correlators:

κ =

∫
dt 〈F (t)F (0)〉

︸ ︷︷ ︸
Low momentum

vs. q̂ =

∫
dx+

〈
F (x+)F (0)

〉

︸ ︷︷ ︸
High momentum



Predictions from complete energy loss computer codes (e.g. CUJET 2.0)

• Viscous hydrodynamics, estimates for running coupling, light and heavy flavors,

estimates for not-exactly collinear emissions, and collisional loss.
A. Buzzatti and M. Gyulassy / Nuclear Physics A 00 (2012) 1–4 3

Figure 1. Illustration of jet flavor tomography level crossing pattern of nuclear modification factors versus pT at y = 0 for ⇡,D, B, e fragmentation
from quenched g, u, c, b jets in Au+Au 5% at RHIC (left side) and extrapolated to Pb+Pb 5% at LHC (right side) computed with the dynamic
CUJET1.0 model at leading N = 1 order in opacity. The opacity is constrained at RHIC, given dN/dy(RHIC) = 1000, by a fit to a reference point
R⇡AuAu(pT = 10 GeV) = 0.2 setting ↵s = 0.3. The extrapolation to LHC assumes dNch/d⌘ scaling of the opacity as measured by ALICE [9]. The
D, B, e bands reflect the uncertainty due to the choice of NLO or FONLL initial production spectra. Note the possible inversion of ⇡,D, B levels
predicted by CUJET at high pT at LHC and a partial inversion at RHIC arising from competing dependences on the parton mass of energy loss and
of initial pQCD spectral shapes.

Motivated by these findings, we relaxed the e↵ective fixed alpha approximation and utilized a one-loop order running
coupling, parametrized as follows [14]:

↵s(Q2) =
(
↵ 0 ⌘ 2⇡

9 ln(Q0/⇤QCD)
(Q  Q0) ;

2⇡
9 ln(Q/⇤QCD)

(Q > Q0) . (2)

Again we choose to keep ↵0 as the only free parameter of the model. The choice of scale Q, of the order of 1 GeV, is
somewhat arbitrary. To address this systematic source of uncertainty, we let it vary while fixing the parameter ↵0 to
fit one chosen pion RLHC

AA (pT = 40GeV) = 0.35 point. We include running coupling e↵ects in both the radiative and
elastic [15] contribution to the total energy loss. The results are shown in Fig.2.

Observing the figure on the left, it is evident that the overall shape of RAA across the broad range of pT under
consideration is changed with respect to the previous fixed coupling results. Besides appreciating the more satisfactory
agreement with data, both at LHC and RHIC (in the latter case our predictions are almost left unchanged given the
restricted range of energies at play), it is surprising to note how the e↵ective energy dependence itself of the energy
loss appears to be modified (figure on the right). Assuming in fact a simplified model for the energy loss

�E
E
= Ea�1Lb⇢c (3)

and extracting the index a(E) from our results, it seems that the pQCD ln E ⇡ E1/3 � E1/4 characteristic LPM depen-
dence of the energy loss is canceled when the running coupling e↵ects are included.

4. Conclusions

The CUJET model has been applied to study the flavor and
p

s dependence of the nuclear modification factors for
central collisions at mid-rapidity. With one free parameter (↵s) used to fit the pion data at RHIC, we have predicted
a novel level crossing pattern of RAA for di↵erent flavors. The inclusion of running coupling e↵ects in the model has

3

Very rich set of model predictions for D vs. B vs π suppression,

and B tagged jets versus centrality at LHC (CMS) and sPHENIX



Many open issues in heavy quark energy loss:

1. The choices made for HQ energy loss in CUJET are good ones, well motivated by

weakly coupled plasmas.

- Extend SCET energy loss analysis to heavy quarks.

2. Want to be careful to separate medium and jet scales when combining radiative and

collisional loss.

Collisional Energy Loss:
dpLO

coll

dt (µ)

µ

E E - bit

T

µ

Soft Radiative Loss:
dpNLO

coll

dt (µ)

E

T µ

E - bit

3. Want the collisional component to smoothly connect with the lattice computation of the

diffusion coefficient (or not?)



Quarkonia:



Quarkonia:

10.6 GeV

Υ(1s)

Υ(2s)

Υ(3s)

Υ(4s)

∆E ∼ 2 − 3T

9.4 GeV

10.0 GeV

• The QQ̄ system comes with scales:

M, Mv, Mv2 etc

• Medium comes with its own scales:

√
MT, T, mD, etc

Want to use the scales to probe the gauge field dynamics near Tc. A useful diagonistic

T >∼Mv2︸ ︷︷ ︸
J/ψ

vs. T <∼Mv2︸ ︷︷ ︸
Υ



Direct production vs. Regeneration:

Direct production:

S>(r, t)︸ ︷︷ ︸
QQ̄ propagator

iM

J/ψ

c

c̄

1. A correction in central LHC

2. Dominant at RHIC

Regeneration:

S>(r⊥, t)

J/ψ

c

c̄

1. Dominant at LHC

2. A correction at RHIC



An important limit – thermal charm:

1. Assume charm is thermalized and abundant (LHC).

2. Then, independent of details of J/ψ medium interactions, find the

statistical mechanical result:

At the LHC, the estimated energy density is at least a factor of 3 larger than at RHIC
[53], leading to an initial temperature most likely above the one required for J/ψ dissociation.
Therefore, one can conclude that the production mechanism of J/ψ and charmonium in general
at the LHC is determined (to a large extent) by regeneration in QGP or by generation at
chemical freeze-out.
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Figure 7. Centrality dependence of the nuclear modification factor for inclusive J/ψ production.
The ALICE measurement (preliminary) at the LHC is compared to the PHENIX data at RHIC.
The two panels show the data at forward rapidity (left) and at mid-rapidity (right).
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Figure 8. Centrality dependence of the nuclear modification factor for J/ψ at all momenta
in comparison to theoretical models, for forward rapidity (left panel) and mid-rapidity (right
panel).

Indeed, both the statistical hadronization [42] and transport [45, 46] models reproduce the
data [49], as seen in Fig. 8. Based on these observations, the J/ψ production can be considered
a probe of QGP as initially proposed [28], but may not be a “thermometer” of the medium
[34]. Within the statistical model, the charmonium states become probes of the phase boundary
between QGP and hadron phase. This extends with a heavy quark the family of quarks employed
for the determination of the hadronization temperature (via the conjectured connection to the
chemical freeze-out temperature extracted from fits of statistical model calculations to hadron
abundances).

RHIC

LHC

At the LHC, the estimated energy density is at least a factor of 3 larger than at RHIC
[53], leading to an initial temperature most likely above the one required for J/ψ dissociation.
Therefore, one can conclude that the production mechanism of J/ψ and charmonium in general
at the LHC is determined (to a large extent) by regeneration in QGP or by generation at
chemical freeze-out.
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Figure 7. Centrality dependence of the nuclear modification factor for inclusive J/ψ production.
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The two panels show the data at forward rapidity (left) and at mid-rapidity (right).
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Figure 8. Centrality dependence of the nuclear modification factor for J/ψ at all momenta
in comparison to theoretical models, for forward rapidity (left panel) and mid-rapidity (right
panel).

Indeed, both the statistical hadronization [42] and transport [45, 46] models reproduce the
data [49], as seen in Fig. 8. Based on these observations, the J/ψ production can be considered
a probe of QGP as initially proposed [28], but may not be a “thermometer” of the medium
[34]. Within the statistical model, the charmonium states become probes of the phase boundary
between QGP and hadron phase. This extends with a heavy quark the family of quarks employed
for the determination of the hadronization temperature (via the conjectured connection to the
chemical freeze-out temperature extracted from fits of statistical model calculations to hadron
abundances).

stat-mech

• The total cross section (ALICE upgrade) is an input to the stat-mech prediction

• Charm spectra are not completely thermalized (Langevin)



Experimental evidence for decreasing regeneration at high pT
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Figure 9. . Transverse momentum dependence of the nuclear modification factor for J/ψ at
forward rapidity for the centrality range 0-20%. The preliminary ALICE data at the LHC are
compared to measurements at RHIC by PHENIX.

The transverse momentum dependence of the nuclear modification factor, shown in Fig. 9,
is, at the LHC, dramatically different than the one measured at RHIC. At low-pT the nuclear
suppression is significantly reduced (i.e. larger RAA) at the LHC [51] compared to RHIC [32].
Transport model calculations reproduce the data quantitatively, as can be seen in Fig. 10 (with
model of ref. [46]; the open bands represent the yield due to regeneration). In current models
[45, 46], about half of the low-pT J/ψ yield in Pb-Pb collisions at

√
sNN = 2.76 TeV is produced

by the recombination of charm quarks in QGP, while the rest is due to primordial production.
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Figure 10. Nuclear modification factor (left panel, for centrality ranges 0-20% and 40-90%) and
elliptic flow (right panel, for centrality range 20-60%) of J/ψ mesons as a function of transverse
momentum. The ALICE data is compared with parton transport model predictions.

Both the kinetic and the statistical hadronization models require thermalization of the charm
quarks in QGP. As a consequence they will follow the collective behavior of the bulk QGP and
their flow will be reflected in that of charmed hadrons and quarkonia. Indeed, elliptic flow of
J/ψ at LHC energies was predicted within a transport model [45]. The first measurement at

LHC

RHIC

1. Transport and potential models have basic scales correct: (Zhao; Young et al.)

- binding energy, number of pairs, c-quark phase space dist, etc

Transport - potential models reproduce the pT dependence of the suppression

Can we do better?



Recent theoretical progress in quarkonia:

• Formulate a complex potential propagation of quarkonia. (Laine, Romatschke, et al)

i∂tS>(r, t) =

(
− ∇

2

MQ
+ Vs(r)

)
S>(r, t)

where the singlet potential arises from a Wilson loop:

W (r, t) = = exp(�i

Z t

V (r))

wilson loop

t

• These results can be rederived using an EFT – thermal pNRQCD. (Ghiglieri, et al)

– The imaginary part arises from from medium induced singlet-octet transitions.

• Calculate a Euclidean version of the W (r, τ) on the lattice (Rothkopf, Hatsuda, Sasaki)

– Adopt a MEM strategy to extract a V (r) from Euclidean points (Burnier, Rothkopf)



First lattice results for potential vs temperature: (Rothkopf, Hatsuda, Sasaki)
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FIG. 3. The real part (upper panel) and the imaginary part
(lower panel) of the potential obtained from the Wilson lines
W E

|| .

M differently and, hence, the forward correlator D> and
the potential V . On the other hand, observable quanti-
ties, such as the dilepton emission rate must be indepen-
dent of such differences [17]. Therefore, there must be a
trade-off between the real and the imaginary part of the
potential to leave the observables unchanged. To study
this point, we consider an operator M with U [x,y] = 1 in
the Coulomb-gauge. In this case, we have “Wilson lines”
without the spatial link W||(r, t). In Fig.3, we show the
real and imaginary parts of the potential (V||) obtained
from WE

|| (r, τ). In the confinement phase below TC , V||
and V! agree quite well. On the other hand, in the de-
confinement phase, both Re[V||(r)] and Γ||(r) exhibit a
less pronounced rise in r. We observe that a weaker real
part is accompanied by a weaker spectral width, which
could be a sign of the trade-off mentioned above. This
mechanism has to be made quantitative in future studies
by solving the time dependent Schrödinger equation for
an initial QQ̄ wave packet entering the QGP.

We have presented a nonperturbative derivation of the
Schrödinger equation for heavy quarkonia and a first eval-
uation of the corresponding complex in-medium poten-
tial, based on quenched lattice QCD. Our numerical re-
sults show that, even though the potential agrees with
the color-singlet free energies below the phase transition,
the correct physics above TC can be obtained only if the
real and imaginary part are taken into account together.
The temperature insensitive real part around TC suggests
furthermore that the growth of the imaginary part, i.e.
an increasing number of collisions with the medium, may
play a more important role to destabilize QQ̄ than the
screening effects [18]. We have also discussed a possible
mechanism to obtain the relevant physics independent of
a particular choice of the underlying operator by balanc-
ing the real and imaginary part. Our complex poten-
tial opens up new possibilities to study the dynamics of
the QGP transition by providing first-principles input to
nonrelativistic real-time simulations, going beyond both

models and perturbation theory.
Our ongoing work aims at full QCD simulations with

dynamical fermions, since these additional degrees of
freedom may affect both the real and imaginary part of
the complex potential substantially. In addition, larger
and finer lattices are needed in order to assess the relative
significance of Debye screening vs the collisional effects
from short distance to long distance in more detail.
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Re Vs

Im Vs

This work needs to inform the phenomenology of Υ “suppression”

at the LHC (currently CMS) and at a future sPHENIX



Points to the address in the long range plan:

1. Unique physics of heavy quarks and quarkonia in media.

(a) Extracting diffusion rates and corroborating strongly coupled picture

(b) An invaluable test of radiative loss and the transition to strong coupling

(c) A sensitive probe of multiple scales in plasma.

2. Current and future measurements.

3. The relative roles of RHIC and the LHC.

(a) We used the comparison between RHIC and LHC to reach all conclusions

(b) Want to systematically change the system size . . . flow in pA?

(c) A comparison of RHIC and LHC can indicate changes in transport rates




